Radical cyclization of o-ethenyltrichloroacetanilides in boiling 1,4-dimethylpiperazine was examined with a comparison of the mode of radical cyclizations under a Bu 3 SnH-mediated condition. It was found that an attack of a hydrogen atom on the cyclized radical intermediates occurred more rapidly in 1,4-dimethylpiperazine than under the Bu 3 SnH-mediated condition. This phenomenon was also observed in similar reactions of N-ethenyltrichloroacetamide.
Introduction
A previous study in our laboratory revealed that treatment of N-allylic trichloroacetamides 1 in boiling 1,4-dimethylpiperazine gave the corresponding 5-membered lactams 2 in good yields (Scheme 1). 1 Formation of 2 might be a result of radical cyclization that proceeded via a single electron transfer reaction from the nitrogen atom of 1,4-dimethylpiperazine to the precursor 1. This reaction will provide an unprecedented method for radical cyclization without using a combination of a radical initiator such as azobis(isobutyronitrile) (AIBN) and a hydrogen atom donor such as tributyltin hydride (Bu 3 SnH). 
Scheme 1
We have now examined the reaction of o-ethenyltrichloroacetanilides in boiling
Results and Discussion
o-Ethenyltrichloroacetanilide 3 was prepared by acylation of o-ethenyl-N-methylaniline with trichloroacetyl chloride. When compound 3 was heated in boiling 1,4-dimethylpiperazine for 20 min, cyclized product 4 was obtained in 76% yield (Scheme 2). On the other hand, treatment of 3 with Bu 3 SnH in the presence of AIBN (using the slow addition technique) in boiling chlorobenzene gave two compounds 5 and 6 in 32% and 25% yields, respectively. 
Scheme 2
Formation of 4 from 3 can be explained as follows (Scheme 3). A single electron transfer reaction from a nitrogen atom of 1,4-dimethylpiperazine (1,4-DMP) to the starting compound 3 gives radical anion A together with radical cation B. Removal of the chloride anion of A affords radical C, which then undergoes cyclization in a 6-exo-trig manner to give cyclized radical D. An attack of radical D on the hydrogen atom of radical cation B or 1,4-dimethylpiperazine (1,4-DMP) itself followed by elimination of hydrogen chloride gives the observed product 4. 
Scheme 3
Formation of 5 from 3 may proceed via an attack of Bu 3 SnH on the radical center of D and successive reduction of the two chlorine atoms by Bu 3 SnH. Formation of 7-membered unsaturated lactam 6 was presumed to be not a result of a direct 7-endo cyclization of the radical formed from 3 but a result of a neophyl rearrangement of intermediate D to give F through the intermediacy of radical E (Scheme 4). 
Scheme 4
When the concentration of the hydrogen atom source is high in the radical reaction media, an initially cyclized radical intermediate (such as D) is rapidly reduced by an attack of a hydrogen atom, whereas when the concentration of the hydrogen atom source is low, the cyclized radical can undergo another reaction such as neophyl rearrangement before attack by a hydrogen atom. Therefore, no formation of the neophyl rearrangement product in boiling 1,4-dimethylpiperazine might indicate that the concentration of the hydrogen atom source was high, and formation of neophyl rearrangement product 6 from 3 showed that the concentration of the hydrogen atom source under the Bu 3 SnH-mediated condition was low.
Treatment of compound 7 in boiling 1,4-dimethylpiperazine afforded 8 and 9 in 65% and 14% 
Scheme 5
It is assumed that compounds 8 and 10 are 6-exo cyclization products and that compounds 9 and 11 are neophyl rearrangement products. The product ratio of 6-exo cyclization product 8 and a neophyl rearrangement product 9 in boiling 1,4-dimethylpiperazine was 4.6:1 and that of 10:11 under the Bu 3 SnH-mediated condition was 1.4:1. These results also indicated that the concentration of the hydrogen atom source was higher in boiling 1,4-dimethylpiperpazine than under the Bu 3 SnH-mediated condition.
The cyclization of 12, which was prepared by N-methylation of o- (1-methylethenyl) trichloroacetanilide, in boiling 1,4-dimethylpiperazine gave 6-exo cyclization products 13 and 14 and the neophyl rearrangement product 15 in 33%, 11% and 36% yields, respectively, and the reaction of 12 with AIBN-Bu 3 SnH gave the neophyl rearrangement product 15 and 16 and 7-endo cyclization product 17 in 10%, 36% and 5% yields, respectively (Scheme 6). No formation of a 6-exo cyclization product under the Bu 3 SnH-mediated conditions also strongly indicated that the concentration of the hydrogen atom source under the Bu 3 SnH-mediated condition was low. 
Scheme 6
It is recognized that 5-endo-trig cyclization of 4-pentenyl radicals is a disfavored process due to the stereoelectronic disadvantage in the attack of the radical center on the alkenic bond. 9 We have found, however, that 5-endo-trig radical cyclizations occurred smoothly in some N-vinylic α-haloacetamides.
10
We turned our attention to enamide 18, which was prepared by trichloroacetylation of imine from 2,2-bis(phenylthio)acetaldehyde and benzylamine.
We could not isolate any cyclized product by heating 18 in boiling 1,4-dimethylpiperazine but obtained mono-dechlorinated compound 19 in 26% yield (Scheme 7). On the other hand, compound 20 was isolated in 18% yield together with several unidentified products by treatment of 18 with AIBN and Bu 3 SnH in boiling chlorobenzene. 
Scheme 8
When the concentration of the hydrogen atom source is high, a 4-pentenyl radical intermediate such as G may be reduced immediately by a hydrogen atom. Therefore, it is assumed that heating 18 in boiling 1,4-dimethylpiparazine, in which the concentration of the hydrogen atom source is high, gives the reduction product, and cyclized products are obtained under the Bu 3 SnH-mediated condition, in which the concentration of the hydrogen atom source is low.
In conclusion, radical cyclizations of a range of 2-ethenyltrichloroacetanilides in boiling 1,4-dimethylpiperazine and under Bu 3 SnH-mediated conditions have revealed that the condition using 1,4-dimethylpiperazine works more effectively as a hydrogen atom donor than does the condition using Bu 3 SnH.
Experimental Section 2'-Ethenyl-N-methyltrichloroacetanilide (3).
To a solution of 2-ethenyl-N-methylaniline 11 
3-Chloro-4-ethyl-1-methylquinolin-2(1H)-one (8) and 3-chloro-1,5-dihydro-1,5-dimethyl-2H-1-benzazepin-2-one (9).
A solution of compound 7 (146 mg. 0.5 mmol) in 1,4-dimethylpiperazine (2 mL) was heated at reflux for 20 min. A work-up similar to that described above for 4 and the crude materials were purified by chromatography on silica gel (hexane/AcOEt, 10:1). The first eluate gave 9 (16 mg, 14%) as an oil; IR (CHCl 3 A solution of compound 12 (146 mg. 0.5 mmol) in 1,4-dimethylpiperazine (2 mL) was heated at reflux for 20 min. After a work-up similar to that described above for 4, the residue was chromatographed on silica gel (hexane/AcOEt, 10:1 1,3,4,5-tetrahydro-1,5-dimethyl-2H-1-benzazepin-2-one (17) . Using a procedure similar to that described above for the preparation of 5 and 6, compound 12 (146 mg, 0.5 mmol) was treated twice with AIBN (16 mg, 0.1 mmol) and Bu 3 SnH (218 mg, 0.75 mmol). After a usual work-up, the residue was chromatographed on silica gel (hexane/AcOEt, 3:1). The first eluate gave 17 14 
